Abstract. The gas-phase conformations of transition metal cation-uracil complexes, [Ura+Cu] + and [Ura+Ag] + , were examined via infrared multiple photon dissociation (IRMPD) action spectroscopy and theoretical calculations. IRMPD action spectra were measured over the IR fingerprint and hydrogen-stretching regions. Structures and linear IR spectra of the stable tautomeric conformations of these complexes were initially determined at the B3LYP/6-31G(d) level. The four most stable structures computed were also examined at the B3LYP/def2-TZVPPD level to improve the accuracy of the predicted IR spectra. 
, that encode genetic information consist of nucleotides [1] , contain the nucleobases adenine, cytosine, guanine, and thymine in DNA, whereas in RNA, thymine is replaced by uracil (Ura). Uracil, a nucleobase that differentiates RNA from DNA, is very important in biological interactions because it facilitates transmission of genetic information and catalytic functions [2] . Uracil can be incorporated into DNA in several ways. Uracil can occur via incorporation of 2′-deoxyuridine triphosphate (p 3 dUrd) instead of thymidine triphosphate (p 3 dThd) opposite adenine during DNA synthesis. It can also occur via deamination of cytosine [3, 4] . The nucleobases are paired in DNA or RNA via hydrogen bonding. Adenine pairs with thymine (uracil in RNA) via two hydrogen bonds, whereas guanine pairs with cytosine via three hydrogen bonds. This bonding specificity provides stability and order to the nucleic acid [1, 2] . The stability and functionality of DNA and RNA double helixes depend on noncovalent interactions including hydrogen bonds and π-interactions [2, 5] . These interactions are crucial during replication of either DNA or RNA. However, the presence of metal cations can alter the original pattern of the hydrogen bonding and π-interactions, and further give rise to tautomerization [6] [7] [8] [9] [10] that may cause mismatch in base pairing and ultimately lead to mutations in an organism [5, 11] . Furthermore, metal cationization also alters the properties and functionality of DNA and RNA. Metal cation-base interactions can inhibit DNA or RNA repair pathways. Cellular damage, which includes oxidative DNA damage and epigenetic alterations, has been attributed to carcinogenic effects caused by metal cations [12] .
Transition metal cations generally exhibit stronger binding than alkali metal cations and binding geometries that are not entirely driven by electrostatics [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . This behavior can be attributed to the involvement of the valence d electrons in their binding. As a result, transition metal cations may alter the structure and function of nucleic acids [33] . Silver, like copper, may bind to nucleic acids strongly via cation-π interactions [34, 35] . Such cation-π binding may be preferred over σ-binding to the phosphate backbone, which is generally employed by alkali metal cations. According to Salpin et al. and Trujillo et al., copper exhibits a high affinity for interaction with DNA or RNA. When copper is present at a concentration above the threshold level in cells, it can be quite toxic. In addition, it is also known that reduction of hydrogen peroxide in the mitochondria by copper can lead to the creation of reactive radicals that can affect DNA and RNA functionalities leading to membrane damage [12, 36, 37] .
In this work, the interactions of two transition metal cations, copper and silver in their +1 oxidation states, with uracil are examined using infrared multiple photon dissociation (IRMPD) action spectroscopy and electronic structure calculations. In order to determine the conformations of the transition metal cationuracil complexes that are present in the experiments, IRMPD action spectra are measured over the frequency ranges of~1000 to 1920 cm −1 and~3275 to 3800 cm −1 , and compared with linear IR spectra predicted for the low-energy conformers of [Ura+Cu] + and [Ura+Ag] + calculated at the B3LYP/6-31G(d) level of theory.
These initial comparisons suggest that only the four most stable tautomeric conformations computed for both [Ura+Cu] + and
[Ura+Ag] + may be present in the experiments. However, the B3LYP/6-31G(d) predicted spectra do not reproduce the IRMPD spectra with high fidelity. Therefore, these four low-energy conformers are also examined at the B3LYP/def2-TZVPPD level to improve the accuracy of the predicted spectra. The relative stabilities of all conformers computed are determined at the B3LYP/6-311+G(2d,2p) level of theory, whereas those of the four most stable conformers are determined at the B3LYP and MP2(full) levels of theory using the 6-311+G(2d,2p) and def2-TZVPPD basis sets. Present results are compared with those reported earlier for the [ + complexes were measured using a 4.7 T Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS) coupled to the FELIX free electron laser (FEL) [38] [39] [40] and then later additional experiments were performed using an OPO laser system to provide additional spectral signatures to facilitate interpretation. Uracil, copper (I) acetate (CuOAc), silver nitrate (AgNO 3 ), methanol (MeOH), and water (H 2 O) were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands). [Ura+Cu] + and [Ura+Ag] + were generated using a Micromass "Z-spray" electrospray ionization (ESI) source from solutions containing 0.5-1.0 mM of uracil and 0.5-1.0 mM of CuOAc or AgNO 3 , respectively, in an approximately 50%:50% MeOH:H 2 O mixture. The solution was infused at a rate of~10 μL/min and the electrospray needle was held at a voltage of~3 kV. Ions emanating from the ESI source were accumulated in a hexapole ion trap for several seconds to enhance ion signal and to thermalize the ions, followed by pulsed extraction through a quadrupole bender, and injection into the ICR cell by an rf octopole ion guide. To avoid collisional heating of the ions by the gas pulse deceleration method, a negative DC bias was applied to the octopole with the relative ground potential on the ICR cell so that the ions were slowed down by climbing the potential difference and readily captured by gated trapping in the ICR cell [39] . The precursor ions were mass selected using stored waveform inverse Fourier transform (SWIFT) techniques. The mass-selected ions were irradiated by the FEL or OPO laser to induce IR photodissociation. The FEL produces high-energy macropulses such that efficient IRMPD can be achieved in 3 s, whereas the reduced output of the OPO laser requires 8 s of irradiation to achieve similar dissociation efficiency. The IRMPD spectra were measured over the frequency ranges extending from 1000 to 1920 cm −1 (in the FELIX, fingerprint region) and between~3275 and 3800 cm −1 (in the OPO, hydrogenstretching region). The IRMPD yield was determined from the measured intensities of the precursor transition metal cation-uracil complex, I p , and the total fragment ion intensity, ∑ i I f i after laser irradiation at each frequency as described in Equation 1.
The IRMPD yield was normalized linearly with laser power to correct for the variation in the laser power as a function of photon energy. The IRMPD spectra are plotted as the raw powercorrected IRMPD yields (i.e., no smoothing of the data is applied) versus vibrational frequency and represent the average of three measurements. , respectively. The analyte solution was introduced into the Apollo ESI source at a flow rate of 3 μL/min to generate protonated uracil or the metal cationized uracil complex. Helium, used for both cooling and collisional activation, was introduced into the ion trap at a stagnation pressure of~1 mTorr. The q z value for the ER-CID experiments was set to 0.25 to balance the trapping efficiency and low mass cut-off. The rf excitation amplitude was increased at a step size of 0.01 V from 0.00 V to the amplitude required to induce complete dissociation of the precursor ion. Each ER-CID experiment was performed in triplicate to assess reproducibility. CID mass spectra were acquired using Compass Data Analysis 4.0 (Bruker Daltonics, Bremen, Germany).
Mass

Survival Yield Analysis of ER-CID Data
Survival yield analysis is a robust method to determine the relative stabilities of precursor ions when judiciously applied [41] [42] [43] [44] [45] [46] [47] [48] [49] . For the ER-CID experiments of protonated uracil and the metal cationized uracil complexes, the survival yield of the precursor ion was calculated at each rf excitation amplitude examined using Equation 2 [50] ,
where I p and ð∑ i I f i Þ are defined as in eq. (1). A survival yield curve was generated for each system by plotting the survival yield as a function of the rf excitation amplitude. In cases where the ionic fragments are not trapped and detected due to the lowmass cutoff of the QIT MS, [Ura+Na] + in the present study, data are plotted as normalized depletion of the precursor ion versus the rf excitation amplitude.
The CID 50% value, i.e., the rf excitation amplitude required for 50% dissociation of the precursor ion, was determined using four parameter logistic dynamic fitting based on Equation 3 ,
where max and min are the maximum (1) and minimum (0) values of the survival yield, rf EA is the rf excitation amplitude applied, and CIDslope is the slope of the declining region of the survival yield (normalized depletion) curve. The relative stabilities of the protonated and metal cationized uracil nucleobase are elucidated by comparing the CID 50% values determined for these complexes. Data analyses were performed using SigmaPlot 10.0 (Systat Software, Inc., San Jose, CA, USA). The survival yields were calculated using custom software developed in our laboratory.
Computational Details
In the present work, all stable tautomeric conformations of Ura and favorable binding modes of Cu + and Ag + to each tautomeric conformation of Ura are examined. The stable tautomeric conformations of Ura (13 in total) shown in Figure 1 were taken from previous work by Nei et al. [6] designated as U1-U6 and ordered based on their B3LYP/6-311+G(2d,2p) relative Gibbs free energies at 298 K. Two stable orientations are possible for each hydroxyl substituent such that the tautomer designations are appended with a letter to differentiate the various tautomeric conformations of all tautomers that possess one (a,b) or two (a-d) hydroxyl substituents, i.e., tautomers U2-U6. All structures were optimized and harmonic vibrational frequencies calculated at the B3LYP/6-31G(d) level of theory using the Gaussian 09 suite of programs [51] . The Stuttgart-Dresden effective core potential (ECP) was used to describe Ag + in all calculations relating to the [Ura+Ag] + complex. Single point energies were determined at the B3LYP/6-311+G(2d,2p) level of theory. Thermal corrections based on the B3LYP/6-31G(d) vibrational frequencies and rotational constants were used to determine the relative enthalpies and Gibbs free energies at 298 K of each conformer. Initially, theoretical linear IR spectra over the IR fingerprint region were generated using the B3LYP/6-31G(d) calculated harmonic vibrational frequencies scaled by a factor of 0.96. Before comparison with the measured IRMPD spectra, the calculated vibrational frequencies were convoluted with a 30 cm −1 fwhm Gaussian line shape. These initial theoretical spectra were then compared with the measured IRMPD spectra. Based on these initial comparisons, it was ascertained that the predicted spectra of the four most stable tautomeric conformations of [Ura+Cu] + and [Ura+Ag] + exhibited reasonably good agreement, whereas all other stable conformers computed could be ruled out as important contributors to the experiments. However, the spectral alignment was not as good as generally found in our earlier work making determination of the relative importance of these four conformers somewhat questionable. Therefore, the optimized structures, IR spectra, and relative stabilities of the four most stable tautomeric conformations of [Ura+Cu] + and [Ura+Ag] + found were examined in greater detail. Structures were re-optimized and frequency analyses performed at the B3LYP/def2-TZVPPD level to improve the accuracy of the structures and predicted IR spectra. Single point energies of the B3LYP/def2-TZVPPD optimized structures were computed at the B3LYP/def2-TZVPPD and MP2(full)/ def2-TZVPPD levels of theory. Single point energies of the original B3LYP/6-31G(d) optimized structures of these four conformers were also computed at the B3LYP/def2-TZVPPD, MP2(full)/6-311+G(2d,2p), and MP2(full)/def2-TZVPPD levels. Linear IR spectra based on the B3LYP/def2-TZVPPD computed harmonic frequencies for these four conformers were also generated from the calculated harmonic frequencies scaled by a factor of 0.975 in the IR fingerprint region and by 0.956 over the hydrogen-stretching region. Before comparison with the measured IRMPD spectra, the calculated vibrational frequencies were convoluted with a 30 cm −1 fwhm Gaussian line shape over the IR fingerprint and hydrogen-stretching regions. The vibrational scale factors used throughout are chosen to provide the "best match" between the measured IRMPD and predicted IR spectra, are commensurate with the level of theory employed, (i.e., the scale factor tends toward unity as the level of theory employed becomes more accurate), and are consistent with values used in other IRMPD action spectroscopy studies of related biomolecular ions [6-8, 10, 32, 45-49] . The long activation times required for IRMPD in the hydrogenstretching region using the OPO laser produced more broadening than typical and thus the large fwhm used in this region in the present work. 
Results
Photodissociation Behavior and IRMPD Action Spectroscopy
In contrast, [Ura+Ag] + exhibits only simple noncovalent bond cleavage resulting in loss of the intact nucleobase and detection of Ag + at m/z = 107 and 109 as described in Reaction 6.
Isolation and photodissociation mass spectra for these complexes are shown in Supplementary Figure S1 of 
Collision-Induced Dissociation Behavior of [Ura+M]
+ IRMPD and ER-CID are both slow heating methods that involve energy being slowly transferred into the internal modes of the system via multiple IR photon absorption or ion-neutral collisions until fragmentation is induced. The fragmentation from these processes often involves the lowest energy pathways. Similarities can be seen between the fragmentation pathways of the IRMPD mass spectra (see Supplementary Figure S1 ) and the ER-CID mass spectra of the [Ura+Cu] + and [Ura+Ag] + complexes shown in Figure 3 . It has long been accepted that Cu + and Ag + undergo sd hybridization where the s and d z 2 orbitals hybridize to create two new orbitals: an occupied orbital perpendicular to the ligand, and a vacant orbital along the axis of the ligand [52] [53] [54] . The shift in electron density away from the plane of + complexes is sufficiently rapid that the bare complex cannot be cleanly isolated. Therefore, the CID behavior of both the [Ura+Cu] + and [Ura+W+Cu] + were examined (compare the top and second panels of the mass spectra of Figure 3 ).
Analogous to that found in the IRMPD experiments, CID of [Ura+Cu] + leads to fragmentation via two activated dissociation pathways resulting in loss of neutral CONH or CuCON at m/z = 132, 134, and 70, respectively, as described in Reactions 7 and 8.
In addition, simple noncovalent bond cleavage resulting in loss of the intact nucleobase and detection of Cu + at m/z = 63 and 65, as described in Reaction 9, is also observed as a very minor dissociation pathway.
The analogous pathway was not observed for [Ura+Cu] + in the IRMPD experiments, suggesting that multiple collisions with He are slightly more energetic than multiple IR photon absorption even though the time scale of the excitation is shorter and the ions are also subjected to collisional cooling in the ER-CID experiments. The observation of [Ura+H] + in the CID of [Ura+Cu] + can only be explained by water adduction of the collisionally activated complex before dissociation occurs, resulting in a new dissociation pathway via loss of neutral CuOH and detection of [Ura+H] + at m/z = 113 as described in Reaction 10.
This conclusion is confirmed via isolation and examination of the CID behavior of the [Ura+W+Cu] + complex (m/z = 193 and 195), which produces the same species as observed for the [Ura+Cu] + complex in which the CID behavior could not be examined in the absence of the water adduct. and their B3LYP/6-311+G(2d,2p) relative Gibbs free energies at 298 K are shown in Supplementary Figures S3 and S4 , respectively. The complexes are designated based on the tautomeric conformation of the Ura moiety (see Figure 1 ), followed by an underscore, and a designation that describes the mode of binding. Among these stable conformers, seven relatively favorable modes of binding (four monodentate and three bidentate) are found: O4, O2N3, N1O2, N3O4, O2, N1, and N3. In all cases, the metal cation interacts with the lone pairs of the O and N atoms in the plane of the aromatic ring of the Ura moiety. In several stable conformers found for [Ura+Ag] + , the metal cation lies out of the plane, binding via cation-π interactions. Although these conformers are stable, they lie much higher in free energy, by at least 134.1 kJ/mol above the ground conformer. The lower stability of these cation-π binding conformers is partially the result of deformation of the Ura moiety with concomitant loss of aromatic stabilization. Only two of the seven favorable modes of binding (O4 and O2N3) are represented in the four most stable low-energy conformers of [Ura+Cu] + and [Ura+Ag] + at the B3LYP/6-311+G(2d,2p) level of theory. As indicated in the Computational Details section, these four low-energy conformers were examined in greater detail. The optimized structures and B3LYP/def2-TZVPPD relative Gibbs free energies at 298 K of these four most stable conformers of [Ura+Cu] + and [Ura+Ag] + are compared in Figure 4 . The relative Gibbs free energies at 298 K computed at this and several other levels of theory for these four most stable low-energy conformers of the [ + complexes previously reported are also included in −N = 2.001 Å), is the ground conformer. Interestingly, B3LYP suggests that the relative stabilities of the U1_O4a and U3b_O2N3 conformers are similar (0.7-2.4 kJ/mol), whereas MP2 suggests that the difference is larger (8.8-13.2 kJ/mol), see Table 1 and Supplementary Figure S5 . Clearly, the O2N3 bidentate interaction with Cu + must be much stronger than the O4 monodentate interaction in order to stabilize this high energy tautomer of Ura (U3b at 72.5 kJ/mol, see Figure 1 Conformer designations are based on the tautomers of neutral Ura shown in Figure 1 and the mode of metal cation binding as shown in Figure 4 . All values are given in kJ/mol. Values in parentheses are based on structures optimized using the def2-TZVPPD basis set, whereas all other values are based on structures optimized using the 6-31G(d) basis set. Values indicated in boldface correspond to the ground conformers determined at that level of theory. + lie > 10 kJ/mol higher in energy than the ground U3a_O2N3 conformer at the B3LYP levels of theory. Again, these higher-energy conformers are determined to be unimportant to the experimental measurements, and therefore discussion of their structures is relegated to the Electronic Supplementary Material. Conformer designations are based on the tautomers of neutral Ura shown in Figure 1 and the mode of metal cation binding as shown in Figure 4 . Values for structures optimized at the B3LYP/def2-TZVPPD level of theory. + was also measured over the hydrogen-stretching region and these four conformers were also examined at the B3LYP/def2-TZVPPD level to improve the accuracy of the predicted IR spectra.
Discussion
The measured IRMPD spectrum of [Ura+Cu] + is compared with the B3LYP/def2-TZVPPD calculated linear IR spectra of the U1_O4a, U3b_O2N3, U3a_O2N3, and U1_O4b conformers of [Ura+Cu] + in Figure 5 . As determined in our initial comparisons, the features observed in the measured IRMPD spectrum can only be explained by the presence of multiple conformers in the experiments. In particular, the minor band observed at 1802 cm -1 can only be explained by the presence of the U1_O4a and/or U1_O4b conformers, whereas the unresolved feature exhibiting peaks at 3566 and 3606 cm -1 can only be explained by the presence of the U3b_O2N3 and/or U3a_O2N3 conformers. The calculated IR spectrum of the ground U1_O4a conformer exhibits good agreement with the measured IRMPD action spectrum. In the IR fingerprint region, the intense band predicted at 1621 cm -1 is narrower than the strong and broad asymmetric band measured at 1626 cm -1 . Broadening of the measured band on the red side is contributed by the moderately intense feature predicted at 1580 cm -1 . The minor peak at 1802 cm -1 is contributed by the calculated band at 1803 cm -1 , which is predicted to be significantly more intense than that observed. Weak IR features predicted at 1164, 1212, 1350, 1378, and 1415 cm -1 all lie under the measured IRMPD spectrum and contribute to the low yield in this region, whereas the moderate feature predicted at 1507 cm -1 is somewhat more intense than the IRMPD yield at this frequency. In the hydrogen-stretching region, the intense band observed at 3431 cm -1 arises from the band predicted at 3432 cm -1 . Although slight broadening to the red side of the measured feature is apparent, the moderately intense feature predicted at 3406 cm -1 leads to somewhat greater broadening in the predicted spectrum than experimentally observed. The predicted spectrum for the U1_O4a conformer does not contribute to the unresolved feature observed that exhibits peaks at 3566 and 3606 cm -1 . The U1_O4b conformer, the O4 rotamer of U1_O4a, exhibits very similar calculated IR features to those of U1_O4a with little to no shifts in the predicted band positions. Indeed, all band shifts are less than 10 cm -1 except for the band predicted at 3419 cm -1 , which is blue shifted by 13 cm -1 relative to the analogous band of U1_O4a, and provides a better match to the experimental broadening observed in the feature measured at 3431 cm -1 . Thus, the U1_O4b conformer also provides a good match to the measured spectrum. While the orientation of the copper cation bound at the O4 position does not exert a significant effect on the calculated IR spectra, it does influence the relative stability as the U1_O4b conformer lies 5.6 kJ/mol higher in free energy. Based on the computed relative stabilities, the ground U1_O4a conformer is expected to be present in greater population than the U1_O4b conformer. ChelationofthecoppercationwiththeO2andN3atomsofUra gives rise to the U3b_O2N3 and U3a_O2N3 conformers, which . The B3LYP/def2-TZVPPD relative Gibbs free energies at 298 K of each conformer are also shown. The predicted IR spectrum (grey dashed line) for an equal mixture of the U1_O4a, U3b_O2N3, U3a_O2N3, and U1_O4b conformers is overlaid with the IRMPD spectrum (black line) of the top panel. The IRMPD spectrum is overlaid in grey in the lower panels. Overlaid spectra are independently scaled in each panel to match the yield/intensity of the most intense feature in the IR fingerprint and hydrogen-stretching regions areO4 rotamers of one another that lie 2.4and 2.9 kJ/mol abovethe ground conformer, respectively. In the IR fingerprint region, the most intense band present in the computed IR spectra of the U3b_O2N3 conformer is blue shifted by 52 cm -1 relative to the measured IR band at 1626 cm -1 , but likely accounts for the broadness of this feature and in particular the shoulder on the blue side of the peak. In addition, the weak to moderate bands predicted at 1183, 1220, 1249, 1335, 1439, 1483, and 1542 cm -1 of U3b_O2N3 contribute to the low yield of the measured IRMPD spectrum in this region, but most of these features are relatively more intense than the measured IRMPD yield at these frequencies. The band observed at 1802 cm -1 in the measured IRMPD spectrum is absent in the linear IR spectrum predicted for the U3b_O2N3 conformer. In the hydrogen-stretching region, the intense band observed at 3431 cm -1 arises from the band predicted at 3422 cm , whereas the U3b_O2N3 conformer does not contribute to the lower frequency component. In the IR fingerprint region, the most intense band present in the computed IR spectra of the U3a_O2N3 conformer is blue shifted by 22 cm -1 relative to the measured IR band at 1626 cm
, and also likely accounts for the broadness of this feature and in particular the shoulder on the blue side of the peak. Similar to the calculated spectrum of U3b_O2N3, the weak to moderate bands predicted at 1169, 1218, 1255, 1347, 1441, 1482, and 1540 cm -1 for U3a_O2N3 contribute to the low yield of the measured IRMPD spectrum in this region, but now only the features predicted at 1169 and 1482 are relatively more intense than the measured IRMPD yield at these frequencies. As for the U3b_O2N3 conformer, the band observed at 1802 cm -1 in the measured IRMPD spectrum is also absent in the linear IR spectrum predicted for the U3a_O2N3 conformer. In the hydrogen-stretching region, the intense band observed at 3431 cm -1 is contributed by the band predicted at 3422 cm , whereas the U3a_O2N3 conformer does not contribute to the higher frequency component.
In summary, the measured IRMPD spectrum of [Ura+Cu] + displays features that can only be explained by the presence of multiple conformers in the experiments. Detailed comparisons suggest that all four low-energy conformers, U1_O4a, U3b_O2N3, U3a_O2N3, and U1_O4b, contribute to the measure IRMPD spectrum. The spectral alignment and large intensity of the feature observed at 1626 cm -1 suggest that the U1_O4a and U1_O4b conformers are dominant in the population, whereas the weak intensity of the feature observed at 1802 cm -1 suggests that these conformers are minor contributors. In contrast, the spectral alignment and relative intensity of the features observed in the hydrogen-stretching region suggest that the U1_O4a and U1_O4b conformers are both important contributors, but contribute to an equal or a somewhat lesser extent than the U3a_O2N3 and U3b_O2N3 conformers. In contrast, attempts to fit the measured IRMPD spectrum to linear combinations of these conformers find nearly equal contributions from the U1_O4a and U1_O4b versus U3a_O2N3 and U3b_O2N3 conformers with the U1_O4a and U3a_O2N3 conformers present in larger abundance than their O4 rotamers. The IR spectrum for an equally weighted average of these four conformers is overlaid with the measured IRMPD spectrum in the top panel of Figure 5 , and provides a good fit except for the peak observed at 1802 cm -1 which is predicted to be more intense than measured, and the unresolved feature observed with peaks at 3566 and 3606 cm -1 , which is predicted to be a little less intense than measured. Overall the B3LYP relative stabilities of the low-energy tautomeric conformations computed are most consistent with the observation of all four low-energy conformations in the experiments. As the def2-TZVPPD computed IR spectra of these four low-energy conformers provide the best match to the IRMPD spectrum of [Ura+Cu] + , later discussion will focus on these results.
Tautomeric Conformations of [Ura+Ag] + Populated in the Experiments
The measured IRMPD spectrum of [Ura+Ag] + was initially compared with the B3LYP/6-31G(d) calculated linear IR spectra for the 10 most stable conformers found for [Ura+Ag] + (i.e., those with B3LYP/6-311+G(2d,2p) Gibbs free energies at 298 K within 30 kJ/mol of the ground U3a_O2N3 conformer) over the IR fingerprint region as described in the Electronic Supplementary Material and shown in Supplementary Figure S9 . Based on these comparisons, it was determined that only the four most stable conformers of [Ura+Ag] + , U3a_O2N3, U3b_O2N3, U1_O4a, and U1_O4b, may be significant contributors to the experiments. To better elucidate the importance of these conformers to the experiments, the IRMPD spectrum of [Ura+Ag] + was also measured over the hydrogen-stretching region and these four conformers were examined at the B3LYP/def2-TZVPPD level to improve the accuracy of the predicted IR spectra.
The measured IRMPD spectrum of [Ura+Ag] + is compared with the B3LYP/def2-TZVPPD calculated linear IR spectra of the four most stable conformers, U3a_O2N3, U3b_O2N3, U1_O4a, and U1_O4b, of [Ura+Ag] + in Figure 6 . As determined in our initial comparisons, and analogous to that found for the [Ura+Cu] + complex, the features observed in the measured IRMPD spectrum of [Ura+Ag] + can only be explained by the presence of multiple conformers in the experiments. In particular, the unresolved feature observed with peaks at 3576 and 3601 cm -1 can only be explained by the presence of the U3a_O2N3 and/or U3b_O2N3 conformers, whereas the moderate band observed at 1802 cm -1 can only be explained by the presence of the U1_O4a and/or U1_O4b conformers.
The calculated linear IR spectrum of the ground U3a_O2N3 conformer exhibits very good agreement with the measured IRMPD action spectrum except for the absence in the calculated spectrum of the moderate band observed at 1802 cm -1 . In the IR fingerprint region, the intense band predicted at 1628 cm -1 is narrower than the strong and broad asymmetric band measured at 1629 cm , but the combination of these two bands cannot fully account for the width of the observed feature. The weak to moderate features predicted at 1168, 1219, 1258, 1436, 1476, and 1541 cm -1 are all well aligned with the observed features at these frequencies, but several are of lower relative intensity. Only the very weak peak predicted at 1344 cm -1 exhibits a sizeable blue shift of 19 cm -1 from the minor band observed at 1325 cm -1 . In the hydrogen-stretching region, the band observed at 3436 cm -1 is contributed by the peak predicted at 3427 cm -1 , consistent with the asymmetric broadening on the red side of the measured feature. The relatively intense peak predicted at 3597 cm -1 contributes to the weak unresolved feature observed with peaks at 3576 and 3601 cm -1 . The U3b_O2N3 conformer, which lies a mere 1.1 kJ/mol higher in Gibbs free energy than its O4 rotamer, the ground U3a_O2N3 conformer, displays reasonable agreement with the measured spectrum. In the IR fingerprint region, the moderate and intense bands predicted at 1636 and 1671 cm -1 for the U3b_O2N3 conformer contribute to the broad band measured at 1629 cm -1 and account for its shoulder on the blue side. The weak to moderate bands predicted at 1182, 1249, 1331, 1436, 1478, and 1541 cm -1 for U3b_O2N3 contribute to the measured bands at those vibrational frequencies. Only the weak peak predicted at 1220 cm -1 exhibits a sizeable blue shift of 14 cm -1 from the weak band observed at 1206 cm -1 . In the hydrogen-stretching region, the band observed at 3436 cm -1 is contributed by the peak predicted at 3425 cm -1 , consistent with the asymmetric broadening on the red side of the measured feature. The relatively intense peak predicted at 3621 cm -1 contributes to the weak unresolved features observed at 3576 and 3601 cm -1 . Clearly, theory is overestimating the highest frequency modes of the U3a_O2N3 and U3b_O2N3 conformers by roughly 20 cm -1 such that the U3a_O2N3 conformer contributes to the lower frequency component, and U3b_O2N3 to the higher frequency component, of these unresolved features analogous to that found for the [Ura+Cu] + complex. The U1_O4a conformer is only 1.8 kJ/mol less stable than the ground U3a_O2N3 conformer, and displays a striking resemblance to the measured IRMPD spectrum. In the IR fingerprint region, the intense band predicted at 1622 cm -1 is narrower than the strong and broad asymmetric band measured at 1629 cm . Broadening of the measured band on the red side is contributed by the moderately intense feature predicted at 1583 cm -1 . The moderate peak observed at 1802 cm -1 is contributed by the relatively intense peak predicted at 1800 cm . However, the other minor features observed at 1325 and 1481 cm -1 are red shifted, whereas the feature observed at 1425 cm -1 is blue shifted versus those predicted at 1348, 1380, 1409, and 1503 cm -1 . In the hydrogen-stretching region, the intense band observed at 3436 cm -1 is contributed by the band also predicted at this frequency, and the broadening of this feature on the red side is nicely explained by the moderately intense feature predicted at 3409 cm -1
. The predicted spectrum for the U1_O4a conformer does not contribute to the unresolved features observed at 3576 and 3601 cm + , the O4 rotamer of U1_O4a, exhibits very similar calculated IR features to those of U1_O4a with little to no shifts in the predicted band positions. Indeed, all band shifts are less than 10 cm -1 except for the band predicted at 3423 cm
, which is blue shifted by 14 cm -1 relative to the analogous band of U1_O4a. In contrast to the copper complex, the shifting of this latter band provides a poorer match to the experimental broadening observed in the feature measured at 3436 cm -1 . Thus, the U1_O4b conformer also provides a good match to the measured spectrum. As for the copper complex, the similarity in the spectra of the U1_O4a and U1_O4b conformers makes it challenging to differentiate their relative importance in the experiments. However theory finds a slightly larger difference in the relative stability of these conformers, 6.4 kJ/mol, such that the U1_O4a conformer is expected to be present in larger population than U1_O4b. . The B3LYP/def2-TZVPPD relative Gibbs free energies at 298 K of each conformer are also shown. The predicted IR spectrum (grey dashed line) for an equal mixture of the U3a_O2N3, U3b_O2N3, U1_O4a, and U1_O4b conformers is overlaid with the IRMPD spectrum (black line) of the top panel. The IRMPD spectrum is overlaid in grey in the lower panels. Overlaid spectra are independently scaled in each panel to match the yield/intensity of the most intense feature in the IR fingerprint and hydrogen-stretching regions In summary, the measured IRMPD spectrum of [Ura+Ag] + displays features that can only be explained by the presence of multiple conformers in the experiments. Detailed comparisons suggest that all four low-energy conformers, U3a_O2N3, U3b_O2N3, U1_O4a, and U1_O4b, contribute to the measure IRMPD spectrum. The spectral alignment and large intensity of the feature observed at 1629 cm -1 suggest that the U3a_O2N3, U1_O4a, and U1_O4b conformers may all be important contributors to the experimental population. This is further confirmed by the moderate intensity of the feature observed at 1802 cm -1 , which is only contributed by the U1_O4a and U1_O4b conformers. The U3b_O2N3 conformer is clearly present in lower abundance as its most intense feature in the IR fingerprint region is responsible for the shoulder on the blue side of the broad and intense peak observed at 1629 cm -1
. In contrast, the spectral alignment and relative intensity of the features observed in the hydrogen-stretching region suggest that the U1_O4a and U1_O4b conformers are both important contributors, and contribute to a greater extent than both the U3a_O2N3 and U3b_O2N3 conformers. Given the multiphoton nature of the dissociation and inconsistencies in the relative intensities of the bands observed in the IRMPD spectrum versus those of the linear IR spectra predicted by theory, it is impossible to make absolute statements regarding the relative populations of the four low-energy conformers present in the experiments. Attempts to fit the measured IRMPD spectrum to linear combinations of these conformers find nearly equal contributions from U3a_O2N3, U1_O4a, and U1_O4b that slightly exceed those of the U3b_O2N3 conformer. Thus, as for the copper complex, the U3a_O2N3 conformer is present in larger abundance than its O4 rotamer. The IR spectrum for an equally weighted average of these four conformers is overlaid with the measured IRMPD spectrum in the top panel of Figure 6 , and provides a good fit except for the peak observed at 1802 cm -1 which is predicted to be more intense than measured, and the unresolved features at 3576 and 3601 cm -1 which are also predicted to be a more intense than measured.
Fits that do not include the U3b_O2N3 conformer look very similar, but underestimate the shoulder to the blue of the most intense feature at 1629 cm Table 3 , are made based on comparison between the measured IRMPD and calculated IR spectra for the U1_O4a, U3a_O2N3, U3b_O2N3, and U1_O4b conformers of these species as all four conformers may contribute to the experiments. As can be seen in both the IRMPD spectra and the values listed in Table 3 + are compared in Figure 2 . The IRMPD action spectra of protonated uracil, [Ura+H] + and sodium cationized uracil, [Ura+Na] + were previously reported by Nei et al. [6, 7] . Two low-energy conformers of [Ura+H] + were interpreted as contributing to the IRMPD spectrum, with the U3a_O2a conformer (i.e., the 2,4-dihydroxy tautomer) being dominant and U1_O4a present in minor abundance. In contrast, for sodium cationized uracil, [Ura+Na] + , only the ground U1_O4 conformer involving monodentate binding to the O4 atom of the canonical 2,4-diketotautomer U1 of Ura contributes to its IRMPD spectrum. As can be seen in Figure 2 , the IRMPD + (see Supplementary Figure 2S) . The weak band observed at~1800 cm -1 for the [Ura+H] + is attributed to a minor population of the O4 protonated canonical tautomer, U1_O4a. Despite the similarities between the measured spectra of [Ura+Cu] + and [Ura+Ag] + , differences in the binding behaviors can be deduced from the differences in these two measured spectra. As indicated above, the band at~1800 cm Not too surprisingly, the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d) lowest energy structures computed for protonated uracil and the metal cationized uracil complexes are highly parallel (compare Supplementary Figures S3, S4, S6 , and S7). The U1, U3a, and U3b tautomeric conformations of Ura are represented among these structures. Although the third most stable conformer of [Ura+H] + is designated U4d_N1, this structure is exactly equivalent to U3b_O2a as the two hydrogen atoms (protons) are indistinguishable. However, the name chosen for each conformer was based on the site of protonation for the more stable of the two tautomer choices for neutral Ura (U4d, 72.3 kJ/mol versus U3b, 72.5 kJ/mol, see Figure 1 ). . Clearly, the Ura moiety plays the most significant role in determining the nature of the binding to cations, whereas the size and electron configuration of the cation is the major determinant for the bond length and orientation of the cation, and thus the strength of the binding interaction.
Relative Stabilities of [Ura+M] +
The results of survival yield (normalized precursor depletion) analyses of the protonated and metal cationized uracil complexes are compared in Figure 7 . Note that because CID of the [Ura+Na] + complex proceeds only via simple noncovalent bond cleavage, and the resulting ionic product Na + lies below the low-mass cutoff of the QIT MS, data for this complex is plotted as normalized depletion of the [ . Because the only fragmentation pathway observed for the sodium and silver cationized Ura complexes involves simple CID , the survival yield analyses (dashed lines in Figure 7 ) enable the relative M + -Ura BDEs to be elucidated, i.e., Ag + binds Ura more strongly than Na + , consistent with the B3LYP/def2-TZVPPD computed M + -Ura BDEs of these complexes (189.3 kJ/mol versus 150.3 kJ/mol). In contrast, binding of Cu + or H + to Ura is much stronger and results in activation and cleavage of the aromatic ring of Ura (solid lines in Figure 7 ) , which must therefore lie lower in energy than the BDEs for these complexes. The trends in the CID 50% values indicate that Cu + more effectively activates Ura than protonation even though binding of a proton is computed (B3LYP/def2-TZVPPD) to be much stronger than binding of the copper cation (864.5 kJ/mol versus 244.6 kJ/mol). Presumably this is because the products are more stable when the cation is Cu + and H + than Ag + (and certainly Na + ). Thus, although activation of Ura is an indicator of strong binding, it does not directly correlate with the strength of binding as other factors contribute to the dissociation behavior.
Conclusions
The binding and activating behaviors of the transition metals cations, Cu + and Ag + , to uracil are examined by IRMPD action spectroscopy in conjunction with theoretical calculations. Overall comparisons suggest that the B3LYP relative stabilities are more consistent with the experimental results that MP2. The B3LYP ground conformer of [Ura+Cu] + is the U1_O4a conformer, indicating a preference for binding of Cu + to the O4 carbonyl oxygen atom of the canonical 2,4-diketo U1 tautomer of neutral uracil. This preference is a result of the copper-ligand interaction having a dominant electrostatic nature with some covalent character associated with π backdonation from the occupied d orbitals of the metal cation and π acceptor orbitals of the nucleobase [56] . However, binding to the O2 carbonyl oxygen and N3 amide nitrogen atoms of the 2-keto-4-hydroxy U3a and U3b tautomers of Ura is competitive. Rotation of the O4 substituent impacts the stability only mildly, such that the U1_O4a, U3b_O2N3, U3a_NO2N3, and U1_O4b conformers lie within 5.2 kJ/mol. In contrast, B3LYP suggests that binding of the silver cation in the [Ura+Ag] + complex prefers chelation with the O2 carbonyl oxygen and the N3 amide nitrogen atoms, and finds the ground conformer to be U3a_O2N3. In this case, O4 binding to the U1 tautomer is competitive, but theory suggests slightly less so than for [Ura+Cu] + . O4 rotamers again exhibit very similar stabilities. IRMPD action spectra of the [Ura+Cu] + and [Ura+Ag] + complexes measured over the range from 1000 to 1900 cm -1 and 3275 to 3800 cm -1 , and compared with B3LYP/def2-TZVPPD predicted linear IR spectra calculated, allow the conformations present in the experiments to be determined. Overall, when combined, the linear IR spectra of the ground and stable low-energy O4 and O2N3 binding conformers of [Ura+Cu] + and [Ura+Ag] + , U1_O4a, U1_O4b, U3a_O2N3, and U3b_O2N3, exhibit very good agreement with the measured IRMPD action spectra, indicating that all four of these conformers are present in the experiments. In contrast to the B3LYP (and MP2) computed relative stabilities, the appearance of the IRMPD spectra for [ + and their relative Gibbs free energies at 298 K calculated at B3LYP/6-311+G(2d,2p) level of theory, the relative Gibbs free energies at 298 K calculated at the B3LYP and MP2(full) levels of theory using the 6-311+G(2d,2p) and def2-TZVPPD basis set of the four most stable conformers of [ + in the fingerprint region with IR spectra predicted for all stable conformers within 30 kJ/mol of the ground conformers at the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d) level. 
